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For dark compact object such as black hole or wormhole, a shadow has long been thought to
come from the outermost unstable photon sphere (region). However, by considering the thin-shell
wormhole model, we identify a novel shadow which originates from spacetime asymmetry of both
sides connected by the throat other than the photon sphere in the observer’s spacetime. The novel
shadows appear in three cases: (A2) The observer’s spacetime contains a photon sphere and the
mass parameter is smaller than that of the opposite side; (B1, B2) there’ s no photon sphere no
matter which mass parameter is bigger. In particular, comparing with black hole, the wormhole
shadow size is always smaller and their difference is significant in most cases, which provides a
potential way to observe wormholes directly through Event Horizon Telescope with better detection
capability in the future.
Introduction.— The image of M87* taken by Event Hori-
zon Telescope made its debut and revealed the shadow
of black holes in April 2019 [1], which has ignited a wave
of researches into the shadows of black holes. As is well-
known, the shadow of a black hole is considered to be
from the unstable photon sphere (region) other than the
event horizon from the earliest work [2, 3]. As one of
the most important predictions of general relativity (GR)
besides black holes, wormhole spacetime [4] also contains
unstable photon sphere which seems to create a shadow
whose shape and size is the same with that in the cor-
responding black hole spacetime, intuitively [5, 6]. Even
though it has been shown a traversable wormhole with
ordinary matter is not allowed in GR, if there is some
exotic matter in the universe, it becomes possible [7, 8].
Furthermore, if the exotic matter distributes in a thin
shell, a simple model of thin-shell wormhole can be con-
structed by the “cut and paste” technique [9, 10].
In this letter, we focus on an asymmetric thin-shell
wormhole spacetime, more specially, a static thin shell
connecting two distinct Schwarzschild spacetimes whose
difference is only the mass parameter [10]. Using the
backward ray-tracing method, we carefully analyze the
ingoing null particles that emit from the observer’ s po-
sition in one side and pass through the throat to the
opposite side of the thin shell. Note that the static ob-
servers on both sides of the spacetime is different, thus
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we first find the impact parameter of the same photon
defined in each side is different and related by a sim-
ple equation. Correspondingly, the turning point in each
side for the same photon becomes different. Considering
a physical process that ingoing photons with no turning
point would fall into the thin shell and then turn into
outgoing in the other side, we first find some of them
may hit its turning point defined in this spacetime and
then turn back to its birthplace. Thus, we can see the
difference between the traversable wormhole and black
hole from the null geodesic motion. It’s worth noting
that for a black hole, the light that enters the event hori-
zon never returns, since the event horizon is a “one-way”
membrane.
FIG. 1. The shadow of thin-shell wormhole for various pa-
rameters. There is novel shadow for some situations.
Based on our new finding, we identify a novel shadow
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2in the thin-shell wormhole spacetime. In particular, this
novel shadow originates from spacetime asymmetry of
both sides connected by the throat other than the pho-
ton sphere that we typically think about. Specifically,
let’s assume we stay in the spacetimeM1 and the radius
of the thin shell is R, see Fig. 1, the shadow of the worm-
hole seen by the static observer is the same with that of
the corresonding black hole when M1 contains the pho-
ton sphere R ≤ rph1 and M1 > M2, that is, there is no
novel shadow. However, we find novel shadows in other
cases. When R ≤ rph1 and M2 > M1, the shadow of the
wormhole becomes rsh1 = 3
√
3M2
√
R−2M2
R−2M1 which is al-
ways smaller than that in Schwarzschild spacetime since
the photons with the impact parameter b1 < 3
√
3M1
would fall into the spacetime M2 and turn back to M1
which never occurs for black hole. In particular, the size
of the shadow can range from zero to 3
√
3M1, so that for
some parameters the difference can be large enough to be
detected to distinguish the wormhole from the black hole.
When there is no photon sphere inM1, that is, R > rph1 ,
this situation cannot be compared to a black hole, but
there also exists a novel shadow. For M1 > M2 since R is
the turning point for certain null geodesics with the corre-
sponding impact parameter bR1 and the photons with b1 <
bR1 will go through the thin shell and never turn back,
the shadow of the wormhole is located at r1 =
R√
f1(R)
.
While for M2 > M1 and max{2M2, 3M1} < R < 3M2,
some null geodesics with b1 < b
R
1 could turn back after
arriving at the spacetimeM2, and the critical impact pa-
rameter is 3
√
3M2
√
R−2M1
R−2M2 , thus the novel shadow is at
r1 = 3
√
3M2
√
R−2M1
R−2M2 which is smaller than b
R
1 . Interest-
ingly, this expression is the same with that for M2 > M1
and R ≤ rph1 , see Fig. 1.
FIG. 2. The left picture shows behaviors of the func-
tion r3(pr)2 with three different kinds of impact parameters.
There’s no turning point for b < bc, single turning point for
b = bc and two turning points for b > bc. The right one
presents the shadow of Schwarzschild black hole.
Background of Schwarzschild black hole shadow and the
thin shell wormhole.—Let us start from some important
physical quantities and useful symbols in terms of the
shadow in the background of Schwarzschild black hole
whose metric takes in this form
ds2 = −f(r)dr2 + f−1(r)dr2 + r2dΩ2, (1)
where f(r) = 1− 2M/r. Considering a null particle with
momentum vector pa, the radial motion of the geodesic
is described by the equation
pr = ±E
√
1− b
2
r2
f(r), (2)
where b = L/E is the impact parameter and ± stands
for outgoing and ingoing directions, respectively. The
equation pr = 0 gives b2 = r2/f(r) has two real roots
for the positive branch of r when b ≥ bc = 3√3M . For
b = bc, both roots are equal to rph = 3M is known
as the radius of photon sphere. For b > bc, the roots
are addressed as the turning points with the larger root
rl > rph and the smaller one 2M = rh < r
s < rph, where
rh is the radius of the event horizon. Also, we introduce
a new parameter bl,s ≡ rl,s/
√
f(rl,s) that will be later
used. Moreover, considering a distant static observer at
(to, ro → ∞, pi/2, 0), the angular radius of the shadow
left by the photon sphere satisfies sin θ = bc/ro and the
radius of the shadow is defined by rsh ≡ ro sin θ = bc, as
seen in Fig. 2.
FIG. 3. The diagram of the thin-shell wormhole spacetime.
In this figure, we give an example that in M1 an ingoing
photon with certain impact parameter pass through the thin
shell and stops at its turning point in M2 and turns back to
M1.
Next, let’s introduce some necessary background
knowledge of thin-shell wormhole using cut-and-paste
method, that is, two distinct spacetimes M1,2 with dif-
ferent parameters are glued by a thin shell which forms
a new manifold M = M1 ∪M2, as seen in Fig. 3. We
suppose that a spherical thin shell is moving in a spheri-
cally symmetric spacetime and the metrics on both sides
take in this form
ds2i = −fi(ri)dt2i + f−1i (ri)dr2i + r2i dΩ2, (3)
where i = 1, 2, and by focusing on the Schwarzschild
case we have fi(r) = 1 − 2Miri , where Mi are the mass
parameters.
The local tetrads in the neighbourhood of the thin shell
3of each spacetime M1,2
eati ≡ f
− 12
i (R)
(
∂
∂ti
)a
, (4)
eari ≡
√
fi(R)
(
∂
∂ri
)a
, (5)
are related by the following Lorentz transformation [11](
eat2
ear2
)
= Λ(Θ1 −Θ2)
(
eat1
ear1
)
. (6)
where we have defined
Λ(Θ) =
(
cosh Θ sinh Θ
sinh Θ cosh Θ
)
, (7)
with
Θi = sinh
−1 iR˙√
fi(R)
. (8)
Here R is the radius of the thin shell and R˙ denotes the
velocity of the moving thin shell.
Conserved quantities and some conventions—Now, we
consider an ingoing photon from the spacetimeM1 pass-
ing through the thin shell. For simplicity, we assume the
interaction between the photon and the thin shell is only
governed by gravity which implies the 4-momentum pa
is invariant during the process passing through the thin
shell. In addtion, the metric of the spacetime M is con-
tinuous by definition which means gM1ab (R) = g
M2
ab (R).
Hence, the conserved quantities pti = −Ei and pφi = Li
along a geodesic imply
− E2√
f2(R)
= −cosh (Θ1 −Θ2)√
f1(R)
E1 +
sinh (Θ1 −Θ2)√
f1(R)
pr1R ,
L1 = L2, (9)
at the position of the thin shell, and here we have used
pr1R to denote the value of p
r1 on the thin shell. Using
Eq. (2), Eq. (9) can be simplified as
b1
b2
=
√
f2(R)
f1(R)
, (10)
where for simplicity we have set R˙ = 0 without losing the
physics nature, that is, we assume the thin-shell worm-
hole is static which can be proven that if we tolerate the
violation of null energy condition, we could always find
the thin-shell wormhole to be static. From this equation,
we find b1 = b2 when f1(R) = f2(R), that is M1 = M2,
which tells us that the spacetime M is symmetric about
the thin shell. However, if b1 6= b2, the mass parameters
ofM1 andM2 are no longer equal and the spacetimeM
becomes asymmetric about the thin shell which we focus
on in this letter.
Before we move to discuss the shadow of the asymmet-
ric thin-shell wormhole, in order to calculate conveniently
we would like to establish some conventions. Let’s sup-
pose M1 = 1 and M2 = k > 0 for the mass parameter.
Thus we have R > max{2, 2k} for thin-shell wormhole.
Based on the previous review of the background of the
shadow, the radius of the photon sphere ofM1 andM2 is
rph1 = 3 and r
ph
2 = 3k, respectively. Correspondingly, the
critical impact parameter reads bc1 = 3
√
3 and bc2 = 3
√
3k
for each side. Furthermore, as mentioned before we use
bR1,2 =
R√
f1,2(R)
to denote the specific impact parameter
in which case one finds pR1,2 = 0. Using these conventions,
Eq. (10) can be rewritten as
b1
b2
=
√
R− 2k
R− 2 =
√
1− 2(k − 1)
R− 2 . (11)
The size of the thin-shell wormhole—Now, we directly
face the calculation of the thin-shell wormhole shadow.
Unlike horizons of black holes, the throat of thin-shell
wormhole is not fixed, instead, the thin-shell throat
only needs to be larger than the horizon of the black
hole in the corresponding spacetime. Thus, whether the
photon sphere exists in M1 is unknown, that is, both
max{2k, 2} < R ≤ 3 and R > 3 are possible, but if the
latter is true, wormholes are even more different from
black holes in terms of null geodesic’s motion. There-
fore, we woould discuss the former first.
(A1). Since the relationship of size between M1 and
M2 is not clear, but it matters a lot. We might as well
consider 0 < k < 1 < R/2 ≤ 3/2 now. In addition,
for the geodesics with b1 ≥ bc1, the known results in
Schwarzschild spacetime containing a black hole can be
applied to the thin-shell wormhole. Next, we carefully
discuss the ingoing photons with b1 < b
c
1 = 3
√
3, we find
b2 <
√
R− 2√
R− 2k 3
√
3 ≡ Bc2. (12)
Furthermore, since R > 2 > 2k, there are always null
geodesics with bR2 such that p
r2
R = 0. From simple
analysis, we find b2 < B
c
2 ≤ bR2 is always true for
2 < R ≤ 3. Hence, when R > 3k, R is the larger
real root making pR2 = 0 which implies all the outgoing
null geodesics with b2 < b
R
2 starting from the thin shell
will go to the infinity in M2. In the range 0 < k < 1,
the region that doesn’t satisfy the condition R > 3k is
2/3 < k < 1 and 2 < R < 3k, where R is the smaller real
root. In this situation, one expects the outgoing photons
bc2 < b2 < b
R
2 will stop at the turning point in the space-
time M2 and bounce back to the M1, thus the radius
of a novel shadow of the thin-shell wormhole would be
rsh1 = 3
√
3k
√
R−2k
R−2 ≡ Bc1. However, after some algebraic
calculus, we find Bc2 < b
c
2 always holds for 2/3 < k < 1
and 2 < R < 3k, which tells us there is no turning point
for null geodesics with b2 < B
c
2. From the above, we
conclude that when M1 > M2 and the side M1 contains
4a photon sphere, the shadow of the thin-shell wormhole
observed by the static observer is the same with the cor-
responding black hole.
(A2). Next, we turn to the case b1/b2 < 1, that is,
1 < k < R/2, we have R ≤ 3 < 3k = rph2 which implies
the photon sphere always exsits in the spacetime M2.
Considering the ingoing null geodesics with b1 < 3
√
3 in
the spacetimeM1, if we wish some geodesics would turn
back passing through the throat, a necessary condition
b2 =
√
R− 2
R− 2k b1 > b
c
2, (13)
must be hold. Thus, we need
Bc1 =
√
R− 2k
R− 2 3
√
3k < b1 < b
c
1, (14)
holds. Thus, the key is to check if this condition can be
satisfied given 1 < k < R2 and 2 < R < 3. Note that
Bc1 is a decreasing function of k in the range k ∈
(
1, R2
)
,
we have 0 < Bc1 < b
c
1, that is to say, the desired con-
dition is always satisfied. Therefore, we find that for
1 < k < R2 ≤ 3/2, the angular radius of the shadow of the
thin shell is always smaller than that of the correspond-
ing black hole, see Fig. 4. In particular, for R ∼ 2k, the
radius of the shadow can be arbitrarily small. In terms of
the novel shadow induced by the asymmetric mechanism
of the thin-shell wormhole, the observational size of the
shadow in the spacetime M1 can be very different be-
tween wormholes and black holes which may be detected
by the EHT directly, if the resolution is raised to a good
enough level.
FIG. 4. The novel shadow for (A2) case, the spacetime M1
contains the photon sphere and the mass parameter of M1
is smaller than that of M2, namely, 1 < k < R/2 ≤ 3/2. It
can be seen that the shadow of wormhole is smaller than that
of black hole compared to the right graph in Fig. 2. In fact,
from our analysis, the novel shadow of wormhole is always
smaller and could be arbitary small.
(B1). Now, we move to the case R > 3, and also
focus on 0 < k < 1 at first. Since R > 3, R must be a
outer turning point for a class of null geodesics with the
impact parameter bR1 =
R√
f1(R)
. And the incident null
geodesics will bounce back to the infinity when b1 ≥ bR1
in the spacetime M1.
For b1 < b
R
1 , note b
R
1 is an increasing function of R,
we have bR1 > b
c
1. When the null geodesics pass through
the wormhole throat and arrive at the spacetime M2
we have b2 <
√
R−2
R−2k b
R
1 = b
R
2 . Also, we find b
R
2 is an
increasing function of R for 0 < k < 1, and obtain bR2 >
bc2. Combining with the condition R > 3k = r
ph
2 we
conclude the outgoing geodesics with b2 < b
R
2 will go
to infinity in the spacetime M2, thus the novel shadow
radius observed in the spacetime M1 is rsh1 = bR1 .
(B2). Next, we pay our attention to the case k > 1.
Similarly, we find bR2 > b
c
2 for R > max{2k, 3}. Thus, for
R > 3k, the outgoing geodesics will go to infinity in the
spacetime M2, that is, the shadow radius is rsh1 = bR1 .
While, for max{2k, 3} < R < 3k, the critical impact
parameter bc2 = 3
√
3k corresponds to Bc1 = 3
√
3k
√
R−2k
R−2
which is same with the case 2 < R ≤ 3 in surprise. And
after some simple analysis, we find Bc1 < b
R
1 as expected.
Therefore, in this case, the asymmetry of the spactime
M results in a novel shadow very interestingly, which is
also worth in-depth study.
Discussion.—To summarize, by analyzing the behavior
of null geodesics passing through the throat in the static
model of thin-shell wormhole, we identify a novel shadow
resulting from the asymmetry between the two sides of
the thin shell other than the photon sphere. When a
static observer lives on the side with a smaller mass pa-
rameter for a wormhole spacetime, taking the backward
ray-tracing point of view, all the ingoing geodesics with
impact parameters smaller than the critical one 3
√
3 will
pass through the thin shell and become outgoing in the
other side of the spacetime. However, different from the
“one way” property of black holes, some of them above
a new critical impact parameter will stop at the turning
point, bounce back to the original spacetime and come
into the eyes of the static observer due to the asymme-
try. Thus, the novel shadow is always smaller than the
analogue of black holes provided that there is the pho-
ton sphere in the observer’ s spacetime. The difference is
often very significant to overcome the uncertainty in the
measurements of black hole mass and its distance from
observers so that observing the thin-shell wormholes di-
rectly through Event horizon Telescope becomes feasible.
While, the observer lives on the side with a larger mass
parameter for a wormhole spacetime, the observational
shadow is as same as that of a black hole, so one cannot
distinguish them by imaging shadow. When the radius
of the thin shell is large enough such that there’ s no
photon sphere, a novel shadow also exists although this
situation cannot occur in black hole spacetime.
The mechanism for predicting this novel shadow in the
thin-shell wormhole is very simple and elegant, we be-
lieve it could be a universal property. Thus it would be
extremely interesting to see if this novel shadow can be
found in other wormhole models in general relativity or
modified theories of gravity. Furthermore, searching for
this novel shadow by Event Horizon Telescope is also an
exciting task in the future to know whether the thin-
shell wormhole exists, or not. Concerning the EHT2017
5observations [1], as analyzed in [12] the compact objects
whose shadows exhibit qualitatively deviation from those
of black holes can be ruled out for M87*. So the thin-
shell wormhole models can be strongly constrained with
the present observations. However it may still has the
chance to discover wormhole by EHT according to the
novel shadow feature in the future.
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